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EGL-36 Shaw Channels Regulate
C. elegans Egg-Laying Muscle Activity
Daniel A. Elkes,* David L. Cardozo,* Jon Madison, in the excitability of particular neurons or muscles, nor
how their activity shapes the behavior of intact animals.and Joshua M. Kaplan²
Department of Molecular Biology The nematode C. elegans is an excellent model for
investigating the genetic basis of cell excitability andMassachusetts General Hospital
Boston, Massachusetts 02114 behavior. In favorableculture conditions, the vast major-
ity of the nervous system is not required for growth and
reproduction (Avery and Horvitz, 1989). Consequently,
unlike other model systems, C. elegans mutants that
Summary
have severe defects in the nervous system are viable
(Bargmann and Kaplan, 1997). C. eleganshas a relatively
The C. elegans egl-36 gene encodes a Shaw-type po-
simple repertoire of behaviors (Bargmann, 1993; Kaplan,
tassium channel that regulates egg-laying behavior.
1996). The neural circuitry that mediates these behaviors
Gain of function [egl-36(gf)] and dominant negative can easily be determined through laser killing experi-
[egl-36(dn)] mutations in egl-36 cause reciprocal de- ments (Bargmann and Avery, 1995). One of the most
fects in egg laying. An egl-36::gfp reporter is ex- extensively studied behaviors is egg laying. Adult her-
pressed in the egg-laying muscles and in a few other maphrodites typically produce z300 offspring by self-
tissues. Expression of an egl-36(gf) cDNA in the egg-
fertilization. Embryos are retained in the hermaphrodite
laying muscles causes behavioral defects similar to
uterus for the first z200 min of embryogenesis, after
those observed in egl-36(gf) mutants. Gain of function
which the embryos are laid. The egg-laying system con-
EGL-36 subunits form channels that are active at
sists of an excitatory neuron (the HSN) and modulatory
more negative potentials than wild-type channels. The
neurons (VCs), both of which form neuromuscular junc-
egl-36(gf) alleles correspond to missense mutations
tions with the egg-laying muscles (White et al., 1986).
in an amino terminal subunit assembly domain (E138K)
The neuromuscular neurotransmitter that stimulates egg
and in the S6 transmembrane domain (P435S), neither
laying is thought to be serotonin (5-HT), since exoge-
of which were previously implicated in the voltage de-
nous 5-HT stimulates egg laying, and the HSN neurons
pendence of channel activation. Altogether, these re-
are serotonergic (Trent et al., 1983; Desai et al., 1988).
sults suggest that EGL-36 channels regulate the excit- However, other transmitters may modulate egg laying
ability of the egg-laying muscles. (Horvitz et al., 1982; Segalat et al., 1995; Weinshenker
et al., 1995). Modulatory inputs to the egg-laying system
Introduction could be mediated by humoral factors, or by synaptic
input from the VC motor neurons.
Differential expression of potassium channels endows A number of C. elegans mutations have been de-
cells with unique electrical properties, including differ- scribed that are thought to alter egg-laying muscle excit-
ences in resting potential, electrical resistance, and ac- ability (Trent et al., 1983; Reiner et al., 1995). We pre-
tion potential profile (Hille, 1992). Potassium channels viously showed that the heterotrimeric G protein Go
are encoded by large, phylogenetically conserved gene regulates egg-laying muscle activity (Mendel et al., 1995;
families. The most extensively analyzed family of volt- Segalat et al., 1995). Here we show that the egl-36 gene
age-dependent potassium channels is the Shaker gene encodes a C. elegans Shaw-type potassium channel.
family, which consists of four subfamilies based on se- We provide genetic, molecular, and biophysical evi-
quence similarity: Kv1 (Shaker), Kv2 (Shab), Kv3 (Shaw), dence that EGL-36 channels regulate the excitability of
and Kv4 (Shal) (Butler et al., 1989). Each class of Shaker- the egg-laying and defecation muscles in vivo.
related subunits forms channels with distinct properties,
differing in voltage sensitivity, rates of activation and
Resultsinactivation, and single channel conductance (Wei et
al., 1990). In addition, subunits of a given subfamily can
egl-36 Is Likely to Control Egg-Layingform heteromultimers with unique physiological proper-
Muscle Activityties, greatly extending the repertoire of potential potas-
The egl-36 gene was defined by two dominant gain ofsium currents (Christie et al., 1990; Isacoff et al., 1990;
function alleles [i.e., egl-36(gf)] that lead to defects inMcCormack et al., 1990).
two behaviorsÐreduced egg-laying and defecation (Fig-Properties of individual potassium channels have been
ure 1 and Table 1; Trent et al., 1983; Reiner et al., 1995).determined primarily by expression in tissue culture
Unlike in wild-type animals, exogenous 5-HT does notcells or in Xenopus oocytes. With a few exceptions (Wu
stimulate egg-laying in egl-36(gf) mutants, which sug-and Haugland, 1985; Zhong and Wu, 1991; Atkinson et
gests that this defect is caused by inactivity of the egg-al., 1991; Curran et al., 1995; Wang et al., 1996), little is
laying muscles (Trent et al., 1983). Although suggestive,known about the role specific potassium channels play
these results do not conclusively demonstrate that
egl-36 normally controls egg-laying muscle excitability.
For example, egl-36(gf) mutations might produce a de-*These authors contributed equally to this work.
fect in the sarcomere, or they might exaggeratean inhib-²Present address: Department of Molecular and Cell Biology, 142
Life Sciences Addition, University of California, Berkeley, CA 94720. itory synaptic input to the muscles. Furthermore, the
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Figure 1. Effects of egl-36 Mutations on Egg
Laying
Gravid adult hermaphrodites (z24 hr after the
L4 larval stage) are shown for wild-type (A),
egl-36(n728dm) (B), egl-36(nu398n728) (C),
and pBH10.21::egl-36(P435S) transgenic ani-
mals (D). Differences in egg-laying muscle
function are apparent by comparing the
number of embryos retained in utero. The egl-
36(gf) mutants and transgenic animals ex-
pressing n2332 (P435S) cDNA in the egg-lay-
ing muscles retain many more eggs in utero
than wild-type animals (compare [B] and [D]
to [A]). The egl-36(nu398n728) mutants lay
eggs as efficiently as wild-type animals, both
retaining z10 eggs.
function of the wild-type egl-36 gene product cannot be mutation is ,0.3 cM from n728dm, implying that nu398
is either very close to or within the egl-36 gene. The egl-inferred from the phenotype caused by gain of function
mutations, which might produce novel gene activities. 36(nu398n728) mutation causes two semi-dominantly
inherited traits. First, egl-36(nu398n728) dominantly sup-To further characterize the role of egl-36 in egg laying,
we isolated a mutation that suppresses the egg-laying presses egl-36(n728) egg-laying defects. Second, egl-
36(nu398n728) confers a semi-dominant egg-layingdefects of egl-36(gf) mutants. In a screen of 4800 hap-
loid genomes, we isolated a single X-linked mutation constitutive phenotype, which is manifested by the ten-
dency of mutant animals to lay eggs at earlier times of(nu398) that restored egg-laying activity to egl-36(n728)
mutants (Figure 1C). By two-factor mapping, the nu398 embryonic development than wild-type animals (Table
Table 1. Role of egl-36 in Behavior
Egg Laying Egg Laying Defecation
Genotype: Eggs in uterus % Early Eggs* (% Expulsions)
Wild type 15.1 6 1 3.4 6 0.3 95 6 2
egl-36(n728dm) 34.1 6 3.4 NA 16 6 2
egl-36(n2332dm) 29 6 2.2 NA 38 6 6
egl-36(nu398n728) 10.1 6 1.7 31 6 2.5 100 6 0
pBH10.21::egl-36(P435S) 42 6 3.5 ND 75 6 8
Egg laying and defecation behaviors were quantitated as described in the methods. Errors indicate the SEM. The number of animals analyzed
for each behavior are as follows: eggs in utero, 9±17 animals; early egg laying, .300 eggs; defecation, .10 animals and 96±250 defecation
cycles. *Indicates embryos ,16 cells. NA, not applicable because these animals died due to an inability to lay eggs by the 36 hr time point.
ND, not determined.
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Figure 2. egl-36 Encodes a Shaw-Type Potassium Channel Subunit
EGL-36 protein (as predicted from cDNA sequence) is shown aligned with Drosophila Shaw2, its closest relative based on sequence similarity.
Identical amino acids (58%) are highlighted in reverse font. Conserved N-terminal domains involved in subunit interactions (A, B, and C),
transmembrane domains (S1±S6), and sequence changes in egl-36 alleles are indicated.
1). Because of these partially dominant characteristics, of an egl-36::gfp reporter construct, containing 3 kb of
and because the behavioral defect (and electrophys- 59 flanking sequences, as well as the first two exons of
iological defect, see below) associated with egl-36 egl-36 fused in-frame with the coding region of Ae-
(nu398n728) is the opposite of that conferred byegl-36(gf), quorea green fluorescent protein (GFP). The egl-36::gfp
we will hereafter refer to egl-36(nu398n728) as a domi- reporter is expressed in three types of muscles (the egg-
nant negative mutation, i.e., egl-36(dn). This egg-laying laying, the anal depressor and sphincter, and the four
constitutive phenotype suggests that the egg-laying most anterior head muscles), several classes of neurons
muscles of egl-36(dn) animals are more active than (including sensory, motor, and interneurons), the sper-
those of wild-type animals. Thus, gain of function and matheca, and the distal tip cells of the somatic gonad.
dominant negative egl-36 mutations produce reciprocal The effects of egl-36 mutations on defecation behavior
defects in egg-laying behavior, indicating that egl-36 (Table 1) are likely due to function in the defecation
normally plays an important role in regulating egg-laying muscles (i.e., the anal sphincter and depressor muscles).
behavior. The effects of egl-36 mutations on egg laying could be
explained by function in either the egg-laying muscles
egl-36 Encodes a Shaw-Type Potassium or the VC motor neurons, which provide synaptic input
Channel Subunit to the egg-laying muscles (the only other neurons that
We positionally cloned the egl-36 gene. The egl-36 provide synaptic input to the egg-laying muscles, the
(n728dm) mutation was mapped to the 0.5 cM interval HSNs, do not express egl-36::gfp). It is likely that the
on the X chromosome, bounded by vab-3 and egl-15. expression of the egl-36::gfp reporter corresponds to a
The genomic sequence spanning this interval, deter- subset of the endogenous egl-36 expression pattern,
mined by the genome sequencing consortium (Sulston since some expression elements may be missing from
et al., 1992; Waterston et al., 1992), contained a Shaw- this construct.
type potassium channel gene (R07A4.1). We PCR ampli-
To engineer expression of EGL-36 specifically in the
fied and sequenced the predicted exons of the R07A4.1
egg-laying muscles, we used the vector pBH10.21, pro-channel from strains carrying egl-36 mutations and
vided by Brian Harfe and Andy Fire. This vector has
found that all three egl-36 mutations (n728, n2332, and
been shown to drive GFP reporter expression predomi-nu398) correspond to missense mutations in the
nantly in the egg-laying (i.e., vulval and uterine), defeca-R07A4.1 gene (accession #1061077; Figure 2). The
tion, and pharyngealmuscles, and the headmesodermalegl-36(gf) mutation n728 (E138K) alters a conserved glu-
cell (B. Harfe and A. Fire, personal communication). Totamate residue in a domain that has been implicated in
confirm the specificity of this expression vector, we ex-tetramer assembly (Li et al., 1992; Shen et al., 1993). The
amined expression of GFP in lines harboring an inte-egl-36(gf) mutation n2332 (P435S) alters a conserved
grated pBH10.21::gfp transgene and found no expres-proline residue in the S6 transmembrane domain, which
sion in neurons, and, in particular, no expression in theforms part of the channel pore (Lopez et al., 1994). The
HSN or VC neurons (data not shown). Thus, it seemedegl-36(dn) mutation nu398 (A431T) alters an alanine resi-
likely that the pBH10.21 vector could drive muscle-spe-due in the S6 domain that is conserved in all outwardly
cific expression of an egl-36 cDNA. We expressed anrectifying potassium channels. These results demon-
egl-36 cDNA carrying the P435S mutation using thestrate that egl-36 corresponds to the Shaw channel gene
pBH10.21 vector in transgenic animals. Animals ex-R07A4.1.
pressing the pBH10.21::egl-36(P435S) transgene had
defects in egg laying that were similar to those observedSite of egl-36 Function in Egg Laying
in egl-36(n2332dm) animals (Figure 1D and Table 1).To determine where EGL-36 channels act, we con-
structed and analyzed the expression pattern (Figure 3) By contrast, animals expressing a pBH10.21::egl-36(1)
Neuron
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Figure 3. Expression of egl-36
Expression of egl-36::gfp reporter construct
(KP#92) is observed in (A) the ventral cord VC
motor neurons (arrowheads), the egg laying
muscles, and the spermatheca (slightly out
of the plane of focus); (B) the distal tip cell of
the somatic gonad; (C) the anal depressor
muscle and several neurons in the head; and
(D) the anal sphincter and PHB neurons in the
tail. Some other egl-36 expressing neurons
have been identified, including: AVE, FLP,
RMD, SMD, PVD, PVM, and SDQ.
transgene had normal egg-laying behavior (data not a few tens of ms. Current activated at 40 mV was fit by
an exponential with t 5 11.7 6 0.5 ms, and currentshown). The pBH10.21::egl-36(P435S) transgene also
caused defects in defecation behavior, but these were activated at 140 mV was fit by an exponential with t 5
6.4 6 0.6 ms (n 5 10). Current through EGL-36 channelsless severe than those observed in egl-36(n2332dm)
animals (Table 1). These results support the model that was sensitive to the potassium channel blocker
4-aminopyridine (4-AP, Figure 4C) but was relatively in-EGL-36 channels regulate the excitability of the egg-
laying and defecationmuscles. However, it remains pos- sensitive to external tetraethylammonium (TEA), with
more than 1/3 of the current remaining in 10 mM TEAsible that EGL-36 expression in other tissues also con-
tributes to regulation of these behaviors. (n 5 8). These results demonstrate that EGL-36 channels
form noninactivating delayed rectifier potassium cur-
rents, which are similar to other previously describedProperties of EGL-36 Currents
To demonstrate that EGL-36 functions as a Shaw chan- Shaw channels (Wei et al., 1990; Luneau et al., 1991).
Our results are most compatible with the model innel, we expressed a full length egl-36 cDNA in COS cells.
Potassium currents were recorded from 85 EGL-36- which egl-36(gf) mutations increase EGL-36 channel ac-
tivity, thereby decreasing egg-laying muscle activity,expressing cells (Figures 4 and 5). With the exception
of current amplitude, the properties of the currents were whereas the egl-36(dn) mutation decreases channel
activity, thereby increasing muscle activity. To directlyvirtually invariant from one cell to the next. Un-
transfected cells (n 5 9) or cells transfected with CD8 measure the effects of these mutations on channel activ-
ity, we recorded macroscopic potassium currents fromalone (n 5 10) had essentially no voltage-activated po-
tassium current (Figures5B and 5D). Outward potassium cells transfected with mutant egl-36 cDNAs. We re-
corded from 16 cells expressing the gain of functioncurrent in transfected cells was activated at positive
potentials and did not inactivate over several hundreds mutations n728 (E138K) and from 17 cells expressing
n2332 (P435S). As with wild-type EGL-36, the propertiesof ms (Figure 4A). EGL-36 channels do not appear to be
subject to voltage-dependent inactivation, since current of the mutant channels were consistent from cell to cell
(Figures 6D and 7D). Both the n728 (E138K, Figure 6)was not decreased by depolarizing pre-pulses (Figure
4B). EGL-36 channels activate at 30 mV, and full activa- and the n2332 (P435S, Figure 7) mutations produced
strong negative shifts in EGL-36 voltage dependence.tion of the channels was not achieved at 200 mV, as
determined by tail currents measured at 20 mV. EGL- Cells expressing mutant channels had significant cur-
rent at 220 mV, whereas wild-type channels activated36 channels typically activated slowly, over a period of
C. elegans Shaw Channel
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Figure 4. Wild-Type EGL-36 Forms Noninac-
tivating Outward Potassium Currents
(A) COS cells transfected with EGL-36 ex-
pression constructs had an outward current
that did not inactivate over hundreds of ms.
The cell was held at 290 mV and depolarized
to 110 mV for 100±500 ms with an inter-stimu-
lus interval of 4 s.
(B) Outward current is not decreased by de-
polarizing pre-pulses. The same cell as in (A)
was held at 290 mV and given 800 ms pre-
pulses from 2110 to 110 mV, immediately
preceding a 50 ms test pulse to 110 mV, with
an inter-stimulus interval of 4 s. Current at
the test potential in (B) is plotted as a function
of pre-pulse potential (shown on right).
(C) Current in increasing concentrations of
the potassiumchannel blocker 4-AP. AnEGL-
36 expressing cell was held at 290 mV and
depolarized to 110 mV for 40 ms every 10
s. The dotted line indicates baseline current
level. The dose-response curve for 4-AP
block derived from these traces is shown on
the right. The data are normalized to current
without 4-AP. Each symbol represents the
mean 6 SEM for 6±8 cells tested at 90 or 110
mV. The solid line is the best fit to 1/(1 1 [4 2
AP]/Ki) with Ki 5 55 mM. External solution:
Tyrode's solution. Internal solution: 135 mM
K1-methanesulfonate.
at z30 mV (Figures 6D and 7D). The shift in voltage decrease the excitability of the egg-laying and defeca-
tion muscles by preventing action potential initiation,dependence of activation is most easily seen by com-
paring the normalized conductance of mutant and wild- while the egl-36(dn) mutation increases excitability by
decreasing channel function.type whole-cell currents (Figure 6E). The n728 (E138K)
channels activated with kinetics similar to wild-type
channels (at 140 mV, t 5 4.2 6 2.1 ms [n 5 4]), while Discussion
n2332 (P435S) channels activated much more rapidly
(Figures 6B and 7B). In cells expressing n2332 (P435S), We have described the physiological function of a C.
elegans Shaw-type potassium channel. EGL-36 channelthe currents detected at the most negative potentials
activated with t 5 z4 ms, but as the cells were stepped structure and function are highly reminiscent of other
Shaw channels.The predicted EGL-36 protein sequenceto more positive potentials, the kinetics of activation
became faster than the settling time of the patch clamp is far more related to other Shaw proteins than any other
class of channels. Like other Shaw channels, EGL-36(Figures 7A and 7B).
Since the egl-36(gf) mutations are dominant in the channels activate relatively slowly and are relatively in-
sensitive to voltage, activating following depolarizationsworm, we were interested in the effects on the potas-
sium current of coexpression of mutant and wild-type beyond 30mV, which is more positive than has been
reported for other Shaw channels. Thus, EGL-36 is achannels. In 4/4 cells cotransfected with EGL-36 and
n728 (E138K), and in 7/9 cells cotransfected with EGL- bona fide Shaw channel, and analysis of its function may
shed light on the function of other Shaw-type channels.36 and n2332 (P435S), significant outward current was
detected at 0 mV, which is 30 mV more negative than
the potential at which current was detected in cells Properties of EGL-36 Channels
What are the properties of endogenous EGL-36 chan-expressing EGL-36 alone. COS cells in which we ex-
pressed the dominant negative mutation nu398 (A431T) nels? Since we have examined channel properties in a
foreign cell type, it is possible that endogenous EGL-36did not have outward potassium currents (n 5 9, not
shown), which could reflect defects in channel expres- channels will behave differently from those expressed
in COS cells. Wild-type EGL-36 channels expressed insion, assembly, or function. Altogether, these results
provide a plausible explanation for our genetic and be- HEK293 cells were very similar to those seen in COS
cells, suggesting that COS cells do not lead to atypicalhavioral studies, suggesting that egl-36(gf) mutations
Neuron
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Figure 5. Voltage-Activated Potassium Cur-
rents in COS Cells Expressing Wild-Type
EGL-36
(A) The cell was held at 290 mV and given a
series of 40 ms test pulses from 290 to 150
mV using 10 mV increments. Immediately fol-
lowing the test potential, the cell was held
at 20 mV for measurement of outward tail
currents. Current traces for each 20 mV step
from 280 to 100 are shown.
(B) Current traces from cells not expressing
EGL-36 or in which current was blocked by
4-aminopyridine. Upper trace, same cell and
protocol as in (A) in the presence of 10 mM
4-AP. Middle trace, COS cell transfected with
CD8 alone. Protocol the same as (A). Lower
trace, untransfected COS cell. Protocol the
same as in (A), except the holding potential
was 280 mV, and test pulses were 80 ms in
duration.
(C) Current-voltage relationship for the cell
in (A).
(D) Averaged current-voltage relationships
for EGL-36 expressing and control cells.
Symbols represent the mean 6 SEM for 21
EGL-36 expressing cells, 9 cells transfected
with CD8 only, and 10 untransfected cells.
Solutions the same as for Figure 4, except
for untransfected COS cells, which had 130
KCl as the internal solution.
channels. However, it is likely that other channel sub- (Davis et al., 1995). Thus, it seems plausible that egg-
laying muscles may normally reach sufficiently positiveunits and regulatory factors present in the egg-laying
muscles could significantly alter EGL-36 channel prop- potentials to activate EGL-36 channels.
Both egl-36(gf) mutations produce channels that areerties. Potassium channel subunits of a given subfamily
can form heteromultimers with differing physiological active at more negative membrane potentials, and
n2332 (P435S) channels activate more rapidly than wild-properties. For example, some Shaw family members
form inactivating potassium currents (e.g., Kv3.4), others type channels. These properties provide a simple expla-
nation for the inactivity of the egg-laying muscles in theform noninactivating currents (e.g., Kv3.1), while hetero-
multimers formed by coexpression of Kv3.1 and Kv3.4 egl-36(gf) mutants. Both egl-36(gf) mutations occur in
domains that had not previously been implicated in theare inactivating (Weiser et al., 1994). The C. elegans
genome sequence predicts two additional Shaw-type voltage dependence of channel activation. The n2332
(P435S) mutation alters a conserved residue in the S6genes (F14F11.1 and R186.5). If these genes are coex-
pressed with egl-36, then the physiological properties transmembrane domain, whichforms part of thechannel
pore (Lopez et al., 1994). The n728 (E138K) mutationof the native EGL-36-containing channels might be
different from those formed in transfected COS cells. In alters a residue in a conserved amino-terminal domain
that has been implicated in channel assembly (Li etaddition, endogenous EGL-36 subunits may associate
with other accessory proteins that modulate channel al., 1992; Shen et al., 1993) and binding to potassium
channel b subunits (Kvb; Yu et al., 1996).The peak ampli-activity; for example, Kvb subunits (Rettig et al., 1994).
Until it becomes technically feasible to directly record tudes of the n728 (E138K) currents were consistently
larger than those observed for either wild-type or n2332potassium currents from egg-laying muscles, it is diffi-
cult to predict the characteristics of endogenous (P435S) channels, which could reflect more efficient as-
sembly of the E138K channels. These results suggestEGL-36 channels.
If the endogenous EGL-36 channels have similar prop- that conformational changes underlying channel gating
are more global than had previously been appreciated.erties to those expressed in COS cells, activating only
upon depolarizations beyond 30 mV, then it is likely that Furthermore, our results suggest that proteins that bind
to or covalently modify cytoplasmic domains of potas-EGL-36 channels are active only during action poten-
tials. In this case, the function of EGL-36 channels might sium channels could alter their voltage dependence.
Interestingly, Kvb subunits, which bind to the aminobe to regulate the duration of action potentials. A similar
model has been proposed for the function of mouse terminal domains of Shaker channels, regulate channel
assembly, activation, inactivation, and voltage depen-Kv3.1 channels, which have similar properties to EGL-36
channels (Weiser et al., 1995). Egg-laying muscle action dence (McManus et al., 1995; Wang and Wu, 1996; Shi
et al., 1996; Yu et al., 1996). Although none of the knownpotentials have not been recorded; therefore, we cannot
say whether these muscles normally reach potentials Kvb subunits interact with Shaw channels, we speculate
that the n728 (E138K) mutation may alter EGL-36 func-that would activate EGL-36. However, pharyngeal mus-
cle action potentials have been recorded, and these tion by mimicking the effects of endogenous auxiliary
subunits (perhaps analogous to Kvb subunits).muscles reach potentials greater than 30 mV for 100 ms
C. elegans Shaw Channel
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Figure 6. Voltage-Activated Potassium Cur-
rents in COS Cells Expressing the Gain of
Function Mutant n728 (E138K) cDNA
(A) A COS cell transfected with the gain of
function n728 (E138K) expression construct
was held at 290 mV and given a series of 40
ms test pulses from 290 to 120 mV using
10 mV increments. Immediately following the
test potential, the cell was held at 240 mV
for measurement of outward tail currents.
Current traces for each 20 mV step from 280
to 120 mV are shown. The dotted line indi-
cates baseline current level.
(B) The current at 50 mV observed in the cell
from (A) and in a cell expressing the wild-type
channel (from Figure 5).
(C) Current-voltage relationship for the cell
in (A).
(D) Comparison of averaged current-voltage
relationships from cells expressing n728
(E138K) and cells expressing wild-type EGL-
36 channels. Symbols represent the mean 6
SEM for 21 cells expressing wild-type and 8
cells expressing n728 (E138K) channels.
(E) Conductance-voltage relationships for
n728 (E138K) and wild-type EGL-36channels.
Conductance for the cells in (C) of Figures 5
and 6 were calculated as [I/(Vtest 2 Vrev)], with
Vrev 5 288 mV. Conductances were normal-
ized for maximum conductance. The solid
lines represent Boltzman fits to the data. So-
lutions the same as for Figure 4.
Role of EGL-36 Channels in Egg-Laying Behavior that EGL-36 channels regulate the excitability of the
egg-laying muscles in vivo. However, it is possible thatAlthough the characteristics of endogenous EGL-36
channels are unknown, several lines of evidence sug- expression of EGL-36 elsewhere also contributes to reg-
ulation of these behaviors.gest that EGL-36 channels regulate egg-laying muscle
activity in vivo. First, exogenous 5-HT does not stimulate
theegg-laying of egl-36(gf) mutants. Second, egl-36::gfp egl-36(gf) Transgenes as Tools for In Vivo
Voltage-Clamp Studiesreporters are expressed in the egg-laying muscles.
Third, gain of function and dominant negative egl-36 We showed that the egl-36(gf) mutations decrease the
excitability of the egg-laying muscles. This result sug-mutations produce reciprocal defects in egg-laying, im-
plying that EGL-36 channels play a regulatory function gests that egl-36(gf) transgenes could be used to probe
the function of any neuron or muscle cell for which ain vivo. Fourth, specific expression of n2332 (P435S)
channels in the egg-laying muscles (using the pBH10.21 cell-type specific promoter is available. As a test of this
paradigm, we expressed an egl-36 cDNA containing thevector) causes defects similar to those observed in egl-
36(gf) mutants, suggesting that EGL-36 functions in gain of function mutation P435S in the egg-laying and
defecation muscles using the pBH10.21 vector. Thesethese muscles. Fifth, channels formed by egl-36(gf) sub-
units (containing either P435S or E138K mutations) are transgenic animals had egg-laying defects similar to
those observed in egl-36(gf) mutants. This approach foractive at more negative membrane potentials than wild-
type channels. The biophysical results nicely support manipulating cell excitability in vivo should prove to be
more valuable than the existing strategy of defining cellour genetic studies, providing further evidence for the
idea that egl-36(gf) mutations inhibit egg-laying muscle function through laser or genetic ablations. In this case,
the excitability of cells would be specifically alteredcontractions by preventing initiation of action potentials.
The biophysical and behavioral results also agree in a rather than eliminating the cell entirely. This approach
could also be used to study the role of activity in devel-quantitative sense. In both cases, the E138K mutation
(n728) causes more severe defects than the P435S mu- opmental processes such as axon guidance or synapse
formation in C. elegans.tation (n2332). Altogether, our results support the idea
Neuron
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Figure 7. Voltage-Activated Potassium Cur-
rents in COS Cells Expressing the Gain of
Function Mutant n2332 (P435S) cDNA
(A) A COS cell transfected with the gain of
function n2332 (P435S) cDNA was held at
290 mV and given a series of 40 ms test
pulses from 290 to 120 mV using 10 mV incre-
ments. Immediately following the test poten-
tial, the cell was held at 235 mV for measure-
ment of outward tail currents. Current traces
for each 20 mV step from 280 to 60 mV are
shown. The dotted line indicates baseline
current level.
(B) The current at 50 mV observed in the cell
from (A) and in the cell expressing the wild-
type channel (from Figure 4).
(C) Current-voltage relationship for the cell
in (A).
(D) Comparison of averaged current-voltage
relationships from cells expressing n2332
(P435S) and wild-type EGL-36 channels.
Symbols represent the mean 6 SEM for 21
cells expressing wild type and 9 cells ex-
pressing n2332 (P435S) channels. Solutions
the same as for Figure 4.
Experimental Procedures egl-36 at codon number 39 together with 3 kb of 59 flanking se-
quences. Exonic sequences of KP#92 were confirmed by cycle se-
quencing. Transgenic animals were prepared utilizing lin-15 as aPositional Cloning
The egl-36(n728dm) mutation was previously mapped between unc- transformation marker (Huang et al., 1994). The resulting egl-36::gfp
transgene was integrated into a chromosome by screening for115 and egl-15 (Trent et al., 1983; Reiner et al., 1995). We further
mapped egl-36 to the 0.5 cM interval bounded by vab-3 and egl- clones of animals that stably transmit the transgene following
g-irradiation. Cell identifications were all done utilizing either of two15-three factor data unc-115 10/10 (vab-3 egl-36). The predicted
genome sequence spanning this interval was inspected for candi- independent integrated transgenes (nuIs20 and nuIs21). Expressing
cells were identified by fluorescence microscopy based on theirdate genes, and two genes were considered likely candidates.
R07A4.1 (accession 1061077) encodes a Shaw channel subunit and morphologies and anatomical positions.
Wild-type egl-36 cDNA clones were amplified from the BarsteadF31B12.1 (accession 940481) encodes a PLCb. The predicted exons
of R07A4.1 and F31B12.1 were amplified from egl-36 mutants and RB1 cDNA library, utilizing primers corresponding to the predicted
59 and 39 ends of the EGL-36 open reading frame (as predicted bysequenced directly by cycle sequencing using the Femtomol se-
quencing kit (Promega) according to the specifications of the manu- the GENEFINDER algorithm). Expand Taq (Boehringer) was used to
minimize errors introduced during amplification. The resulting cDNAfacturer.
fragments were cloned into the Bluescript plasmid (Stratagene).
Cloned versions of this cDNA were sequenced in their entirety toSuppression of egl-36(n728dm)
confirm that they correspond to the wild-type sequence (as pre-Homozygous egl-36(n728dm) animals were mutagenized with ethyl-
dicted by the known genomic sequence). A derivative of the cyto-methanesulfonate and the F1 progeny of mutagenized animals were
megalovirus expression vector GW1 (Choi et al., 1991) containingscreened for non-Egl suppressor mutants. In a screen of 4860 hap-
wild-type egl-36 (KP#93) cDNA was constructed for expression inloid genomes, a single mutation (nu398) was isolated. No Egl prog-
COS cells. EGL-36 GW1 expression plasmids containing the muta-eny were observed among 170 progeny segregating from nu398
tions n728 (E138K; KP#97), nu398 (A431T; KP#95), and n2332egl-36(n728dm)/1 heterozygotes, which implies that nu398 is within
(P435S; KP#94) were constructed by oligonucleotide directed muta-0.3 cM of egl-36.
genesis using the Quick change kit (Stratagene). The pBH10.21::egl-
36(P435S) expression plasmid (KP#114) was constructed by ligatingAnalysis of Behaviors
the n2332 (P435S) cDNA as a Sac I/ Eco RI fragment into theFor behavioral studies, day 1 adult hermaphrodites at room temper-
pBH10.21. A GFP reporter expressed by pBH10.21 drives GFP ex-ature, on petri dishes containing E. coli as a food source, were
pression in the egg-laying muscles (i.e., vulval and uterine muscles),analyzed as follows: for egg-laying, percentage of embryos of ,14
the defecation muscles (i.e., intestinal, sphincter, and anal de-cells layed 36 hours after L4, and the number of eggs in the uterus
pressor), the pharyngeal muscles, and the head mesodermal cell24 hours after L4; for defecation, enteric muscle contractions per
defecation cycle (Segalat et al., 1995). (B. Harfe and A. Fire,personal communication).We further examined
the specificity of pBH10.21 expression in lines carrying integrated
pBH10.21::gfp transgenes. No reporter expression was seen in neu-Construction of GFP Reporter, cDNA Clones, and Mammalian
rons (D. Elkes and J. Kaplan, unpublished data). Transgenic animalsExpression Constructs
expressing pBH10.21::egl-36(P435S) were isolated by micro-injec-A 5 kb fragment was amplified from wild-type genomic DNA using
tion. For this experiment, we used osm-10::gfp as a marker to iden-primers containing Bam HI sites and ligated to the Bam HI site of
tify transgenic animals, since osm-10 is not expressed in any cellsthe gfp expression vector pPD95.77. The resulting plasmid (KP#92)
contains the GFP coding sequences fused in-frame with exon 2 of involved in egg laying (A. Hart and J. Kaplan, unpublished data).
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